Moléculas similares exercem atividades farmacológicas similares". Baseados neste conceito, os(as) químicos(as) medicinais modificam as estruturas de compostos biologicamente ativos. Mudanças bioisostéricas de átomos e grupos podem ser usadas em inibidores enzimáticos, agonistas e antagonistas, dentre outros princípios ativos. Entretanto, estruturas químicas similares e dissimilares não são facilmente definidas de forma objetiva. Surpreendentemente, várias relações entre a estrutura e a atividade demonstram que compostos similares podem ter atividades e ações biológicas muito diferentes. Modificações químicas simples de alguns ligantes podem resultar em efeitos inesperados, incluindo novos modos de ação. Enantiômeros ópticos também apresentam diferenças em suas atividades biológicas.
Similarity and Dissimilarity of Molecules
"Similar molecules exert similar biological activities". Since long, medicinal chemists used this concept to modify the structures of biologically active compounds. [1] [2] [3] [4] [5] [6] Bioisosteric replacements of atoms and groups pave the way from lead structures to therapeutically useful enzyme inhibitors, receptor agonists and antagonists, and other active principles. [7] [8] [9] [10] [11] Several surprising structure-activity relationships demonstrate that chemically similar compounds may have significantly different biological actions and activities. Of course, even optical enantiomers most often have different biological activities. Correspondingly, a sophisticated consideration of "chemical similarity" and "chemical diversity" is a waste of time. Similarity and diversity of molecules depend on the 3D structure and binding site properties of the biological target, not on any artificial parameters.
The principle of bioisosteric replacement of functional groups serves as a successful optimization strategy. [5] [6] [7] [8] [9] [10] [11] Its systematic application has resulted in a broad variety of therapeutically used drugs, many of them finally having the desired combination of favorable properties. In their attempts to optimize lead structures, medicinal chemists intuitively follow the principles of evolution. The biological activity, in later stages a selectivity index or some other biological property, serve as the "fitness function" for the "survival" of certain structural entities. However, several surprising structure-activity relationships demonstrate how difficult rational drug design can be and to which extent structure-based and computer-aided approaches can support this process. 5, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Similarity and diversity of chemical structures cannot be defined in an objective manner (Figure 1 ). [6] [7] [8] [9] [10] [11] [22] [23] [24] There is no doubt that for maximum affinity a ligand of a biological macromolecule has to fit the binding pocket geometrically (Figure 2 ). 25 Also hydrophobic surfaces of the ligand and the binding site have to be complementary. However, the functional groups of the ligand need a separate consideration. For lipophilicity, there is no significant difference between -Oand -NH-in an organic molecule; for ionization, there is a big difference whether a nitrogen atom is part of a basic group (an amine) or a neutral group (e.g., an amide); for binding, potency differences of several orders of magnitude may result from the exchange of the hydrogen bond donor function -NH-against an acceptor -O- (Figure 3 ). [26] [27] [28] On the other hand, for recognition by the binding site it does not matter whether a certain acceptor atom of the ligand is either nitrogen or oxygen. An illustrative example for this equivalence are two series of scytalone dehydratase inhibitors, salicylamides and quinazolines, which exert the same type of interactions with the protein. Also the important role of water can be seen: several conserved water molecules mediate the contact between the ligand and the enzyme. In many cases, the replacement of such water molecules reduces binding affinity but a significant enhancement of affinity is observed for the scytalone dehydratase inhibitors, if one water molecule is replaced by a cyano substituent -its nitrogen atom mimics the oxygen atom of the water molecule ( Figure 4 ). 29 
Different Mechanisms of Action of Similar Molecules
Several well-known examples of different modes of action of closely related analogs can be found in medicinal Figure 1. Bioisosteric replacement of atoms or groups can a) retain biological activity, b) significantly enhance biological activity, c) destroy biological activity, d) turn a substrate into an inhibitor, or e) modify selectivity. a) Thyroxin, T 4 (X = Y = Z = I), is the less active depot form of the natural hormone, T 3 (X = Y = I); a monoisopropyl analog (X = I, Y = isopropyl) of T 3 is slightly more active than the natural hormone; even an analog without any halogen atoms (X = Me, Y = isopropyl) has some thyromimetic activity. 22 b) Trifluoromethanesulfonamide is 50,000 times more active as a carboanhydrase inhibitor than the methanesulfonamide. 23 c) An exchange of the ester oxygen atom in acetylsalicylic acids to -CH 2 -or -NH-destroys biological activity because these analogs cannot any longer transfer an acetyl residue to cyclooxygenase. d) Sulfanilamide is an antimetabolite of p-aminobenzoic acid; it acts as a false substrate and therefore inhibits bacterial dihydrofolate biosynthesis. e) GABA (γ-aminobutyric acid) binds with equal affinities to GABA A and GABA B receptors; its analog γ-aminopropylphosphonous acid is a highly selective GABA B receptor ligand. 24 Figure 3 . Peptide antibiotics, like vancomycin, are the last weapons against multiresistant bacterial pathogens. However, in the last years, several vancomycin-resistant strains were observed. One mechanism of resistance development is shown here: the natural substrate for bacterial cell wall biosynthesis, Lys-D-Ala-D-Ala, is converted to Lys-D-Ala-D-Lac (exchange of NH against O), leading to the loss of one hydrogen bond in its complex with vancomycin. The consequence is a 1,000-fold lower sensitivity of such strains against vancomycin. 27, 28 Figure 2. Valine tRNA synthase selectively recognizes valine because the isoleucine side chain is too large for the binding pocket. The situation is more complex with isoleucine tRNA synthase: a "suspicious", energy-consuming check by isoleucine tRNA synthase rejects valines (1:200,000) but also 80% of all isoleucines; correspondingly, the error rate is about 1:40,000. 25 Chemical Similarity and Biological Activities Vol. 13, No. 6, 2002 chemistry and pharmacology textbooks. 1,2,4,30 Norepinephrine, epinephrine and isoproterenol are adrenergic agonists. However, in going from R = H to R = CH 3 and R = isopropyl, the mechanism of action gradually changes from a more or less specific α-adrenergic agonism to a pure β-adrenergic agonism. If the two hydroxyl groups of isoproterenol are exchanged against two chlorine atoms, the β-adrenergic antagonist dichloroisoproterenol (DCI) results; in fact, this compound was the first β-blocker. Some other receptor antagonists, e.g. the histamine, dopamine and morphine receptor antagonists, are lipophilic analogs of the corresponding agonists ( Figure 5 ). Several peptide receptor antagonists differ from the corresponding agonists only by minor changes in their alkyl groups ( Figure 6 ). [31] [32] [33] [34] A well-known example of different modes of action of closely related analogs are the anti-allergic agent promethazine, the neuroleptic drug chlorpromazine, and the antidepressants imipramine and desipramine. Despite their very similar chemical structures, promethazine acts mainly as a histamine H 1 antagonist, chlorpromazine is a dopamine antagonist, imipramine is an unspecific norepinephrine and serotonin uptake inhibitor, and desipramine is a norepinephrine-specific uptake inhibitor ( Figure 7 ). Steroid hormones, like the estrogens, the gestagens, the male sex hormones and anabolics, provide another striking example of different biological effects of chemically closely related analogs ( Figure 8 ).
Several therapeutically used drugs bind to more than one receptor and are correspondingly termed "promiscuous" ligands. However, whether a certain (balanced) unspecific mode of action is advantageous for therapy or not remains still uncertain. Figure 6 . Even minor changes in the alkyl groups of some peptidomimetic angiotensin receptor antagonists convert these compounds into agonists, some of them with modified selectivity. 31-34 Figure 5 . Norepinephrine, epinephrine and isoproterenol differ only by the presence and size of an N-alkyl group. Nevertheless, they exert very different biological effects. Norepinephrine is an αadrenergic agonist, epinephrine is a mixed α, β-adrenergic agonist, and isoproterenol is a selective β-adrenergic agonist. The exchange of the phenolic hydroxyl groups of isoproterenol against chlorine atoms produced the very first β-blocker. In morphine, the exchange of the N-methyl group against an allyl group converts the agonist to an antagonist. . Salicylamides and quinazolines are potent inhibitors of scytalone dehydratase. Both contain two acceptor atoms that form hydrogen bonds with the binding site. In this case, the receptor does not differentiate between (a) oxygen and (b) nitrogen atoms. Conserved water molecules mediate the contact of the ligand to the functional groups of the binding site. (c) Replacement of one nitrogen atom of the quinazoline system, to a quinoline (lower left), leads to a loss of one hydrogen bond and to a steric interference of the hydrogen atom with one conserved water molecule. Correspondingly, a significant reduction of affinity results. (d) If, however, this position is substituted by a cyano group, the nitrogen atom mimics the oxygen atom of this water molecule and a significant increase of affinity results. 29 Kubinyi J. Braz. Chem. Soc.
The Biological Activity of a Ligand Depends on its Flexibility
Other common structural modifications in the optimization of a lead structure are the dissection of rings or the rigidification of flexible molecules. Molecules with several rotatable bonds may adopt many different geometries, some of them being favorable because of low internal energies, others being less favorable because of van der Waals or electrostatic repulsion between nonbonded atoms or groups. If different conformations of such molecules are "frozen" by closing rings between certain atoms, either one of two very different consequences results. If the frozen conformation differs from the bioactive conformation of the flexible lead or if the added atoms interfere with the binding, biological activity will be more or less destroyed. If the ring closure stabilizes the bioactive conformation, usually a significant increase in biological activity results.
The computer program CAVEAT was developed for the design of rigid analogs which bear a pharmacophore in a certain geometry. CAVEAT starts from a structural hypothesis or from the known 3D structure of a ligand and extracts vectors of residues that participate in binding. In a peptide, these vectors are e.g. the C α -C β bonds of the interacting amino acid side chains. Then the program identifies ring systems that are suited to accommodate these residues in exactly the same relative geometry (Figure 9 ). 35 An example of rigid analogs with remarkable selectivity differences are chemically closely related integrin ligands ( Figure 10 ). [36] [37] [38] [39] [40] [41] [42] 
Biological Potencies of Similar Molecules
For compounds with comparable threedimensional structures, most often similar analogs have also similar biological activities. That this needs not always be the case can be demonstrated by a comparison of three series of thermolysin inhibitors. Analogs with X = -NH-and -CH 2 -are about 1,000-times more potent than the X = -Oanalogs. The explanation for this effect can be easily derived from the 3D structure of thermolysin. If X is an -NH-group, a hydrogen bond is formed between this group and the oxygen atom of an alanine carbonyl group. In the -O-analog, this hydrogen bond cannot be formed; in addition, an electrostatic repulsion between the two oxygen atoms results. The biological activity of the -CH 2analog has been predicted to be comparable to the -NHanalog and to be much higher than for the -O-analog. This was later confirmed by the synthesis of these inhibitors (Figure 11; cf. Figure 3 ). [43] [44] [45] [46] [47] Figure 3) . This difference was explained by the fact that -NH-forms a hydrogen bond with the >C=O group of Ala-113, which cannot be formed by the -O-analog; in addition, there is a repulsive effect of the two electronegative oxygen atoms. From this structure-activity relationship it was predicted that the -CH 2 -analogs should be as active as the -NH-analogs. Despite the fact that these analogs cannot form a hydrogen bond to the enzyme, there is no negative effect of desolvation of this part of the ligand, as observed for the -NH-and -O-analogs. [43] [44] [45] [46] [47] Figure 10 . Integrins are a series of different cell surface receptors that mediate cell-cell association (e.g. platelet aggregation) by binding oligofunctional proteins that contain the same binding motif: Arg-Gly-Asp (the so-called RGD motif) in different conformations. Small cyclic peptides and peptidomimetics containing this motif are high affinity integrin ligands; dependent on their (frozen) conformation they bind more or less selectively to only a certain integrin. Research at SmithKline Beecham led to the compounds SB 214 857 and SB 223 245, which are highly selective for the fibrinogen receptor (α2β3 integrin) and the vitronectin receptor (αvβ3 integrin), respectively, despite their close chemical similarity. [36] [37] [38] [39] [40] [41] [42] A similar but less pronounced effect is observed for thrombin inhibitors; in this case the nonbonded contact between the -X-group of the ligand and the carbonyl group of Gly 216 in the binding site of thrombin is responsible for the structure-activity relationship. If, on the other hand, a carbonyl group of the inhibitors, which forms a hydrogen bond with the -NH-group of Gly 216, is replaced by -CH 2 -, affinity is reduced by some orders of magnitude; only in one case a small reduction of affinity is observed ( Figure  12 ). [48] [49] [50] [51] There are many examples in literature where the introduction of an -OH group into a ligand either causes an increase or a decrease of biological affinities. From a theoretical point of view, this is not surprising. If the new -OH group forms hydrogen bonds with polar groups at the binding site (either as a hydrogen bond donor or as an acceptor), the net free energy depends on the balance between the desolvation energies of the water shells at the surfaces of the ligand and the binding site, as compared to the energy of the formed hydrogen bond (or bonds) and the entropy gain by the release of some water molecules. Certain tightly bound water molecules in the binding cavity of a protein (usually seen in the X-ray structures), e.g. those which form more than two hydrogen bonds to the protein, are not easily removed. The attempt to introduce an -OH group into the ligand, to replace such a water molecule, must necessarily fail.
An example where this is not the case and where significantly enhanced binding affinities result after the introduction of such a hydroxyl group, are cytidine and adenosine deaminase inhibitors, which are capable to add a water molecule in the binding site, to mimic a transition state ( Figure 13 ). 52, 53 In this special case the resulting affinity differences are 7 to 8 orders of magnitude!
Biological Potencies vs. Similar Biological Targets
Functionally corresponding proteins from different species have identical or very similar 3D structures, but they normally differ in their amino acid composition. Although they always show, dependent on the evolutionary relationship between the two species, a certain degree of homology, structure-activity relationships may significantly differ, even after the replacement of just one single amino acid by another one (Figures 14 and 15 ). [54] [55] [56] In the past, potential drug candidates have always been tested in animals before they could be applied to humans. Human proteins were not available, except in rare cases. Only for those proteins that could be extracted from human material, e.g. hemoglobin or thrombin from blood, could one be sure about the therapeutic potential of a new drug from in vitro studies, prior to studies in man. With the Figure 12 . Typical thrombin inhibitors, a) X = NH, form β-sheet type hydrogen bonds with Gly-216. If X = -NH-is exchanged against -O-or -CH 2 -, a structure-activity relationship is observed that is similar but less pronounced as in the thermolysin inhibitors ( Figure 11 ). b) An even smaller effect is observed, if the amino group is removed. Reduction of the interacting carbonyl group to a -CH 2 -group reduces affinities by factors of about 400 (c), 2,000 (d), 10,000 (e), and 4 (f). The small activity difference in the latter compound pair can be explained by the fact that, even after reduction, the attached nitrogen atom remains neutral whereas it becomes a basic nitrogen in the other cases. [48] [49] [50] [51] Figure 13 . The natural product zebularin is a highly potent inhibitor of cytidine deaminase because it perfectly mimics the transition state of the enzymatic reaction after addition of a conserved water molecule within the binding site. 3,4-Dihydrozebularine can neither add nor replace this water molecule. Correspondingly, this compound is much less active; two hydrogen atoms make an activity difference of more than seven orders of magnitude. 52,53 Figure 14 . Remikiren, a renin inhibitor, shows different potency against the renins of rats and dogs, as compared to monkeys and humans. Such differences are caused by minor amino acid sequence differences and the resulting different binding site geometries of these homologous renins. 54, 55 One amino acid makes the difference -it converts the binding characteristics of the human wild-type receptor into the binding characteristics of the rat receptor. Whereas there is no correlation in binding affinities between the rat and human wildtype receptors, the Thr355Asn mutant yields a correlation coefficient r = 0.98. 56 Chemical Similarity and Biological Activities Vol. 13, No. 6, 2002 progress in gene technology it is now possible to produce human proteins in sufficient quantities to establish test models. Thus, their biological activity in humans can be forecasted from investigations at the molecular level.
Thiorphan and its retro-inverso peptide, retrothiorphan, are inhibitors of the structurally related zinc proteases thermolysin and NEP 24.11. Although the affinities of the ligand pair differ, from enzyme to enzyme, by three orders of magnitude, there are no significant activity differences between them. Thus, they may be considered to be "similar", which was also confirmed by the X-ray structure analyses of their thermolysin complexes. On the other hand, their activities against yet another related zinc protease, angiotensin converting enzyme (ACE), are significantly different; with respect to this enzyme the analogs are "dissimilar" (Figure 16 ). 57, 58 Corresponding problems are also observed in predictions for toxicity in humans. 2,3,7,8-Tetrachlorodioxin is highly toxic to several species, e.g. guinea pigs and mink. It is much less toxic for mice, rats, hamsters, rabbits, dogs, and monkeys. If one extrapolates from the monkey, dioxin should be relatively "harmless" for humans, at least if only acute toxicity is considered. However, the significantly different toxicity vs. the closely related species guinea pig and hamster puts a caveat on too simple and straightforward extrapolations ( Figure 17 ). 59
Chirality and Biological Activities
Due to the chiral nature of amino acids (except glycine), drug binding sites of proteins are asymmetric. In the past, the different actions of enantiomers of chiral molecules on enzymes and receptors were often neglected. For economic reasons, racemates of synthetic drugs were used in therapy. Today, researchers and drug companies are more aware of the different effects of enantiomers and diastereomers, in their biological activities ( Figure 18 ) as well in their pharmacokinetics. [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] Figure 16 . Thiorphan and retro-thiorphan differ in the direction of the amide group of both molecules. Nevertheless, they are equally potent against the zinc protease thermolysin. X-ray structure determination of the complexes confirms that both molecules display equivalent interactions. Although being much more potent, they also show identical activities against another zink protease, NEP 24.11 (originally called enkephalinase). However, their activities differ significantly against a third zinc protease, the angiotensinconverting enzyme (ACE), which gives evidence that chemical and biological similarities cannot be defined in an objective mannerthey depend on the structure of the biological target. 57,58 Figure 18 . Butaclamol is just one example that the eudismic ratio, the ratio of affinities of (+)-and (-) enantiomers, differs from receptor to receptor, for the same compound. 68 The (S)-(-) form of the calcium channel ligand Bay K 8644 is an agonist (stabilizing the open calcium channel), whereas the (R)-(+) form is a weak antagonist, a calcium channel blocker (stabilizing the closed channel). 73, 74 Corresponding differences are observed for a CCK 1 ligand, where one diastereomer is an agonist, whereas its enantiomer is an antagonist. 75-77 Figure 17 . 2,3,7,8-Tetrachlorodioxin (the so-called "Seveso dioxin") shows significantly different acute toxicities in different species. 59 The different toxicity against evolutionary related species (e.g. hamster vs. guinea pig) makes it impossible to extrapolate to humans without further investigations, e.g. of different receptor structures or metabolic pathways.
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Sensory receptors are G-protein coupled receptors that differentiate between enantiomers, like all other receptors. Correspondingly, enantiomers can even be recognized by their characteristic odor, e.g. the monoterpenes (R)-and (S)-limonene and (R)-and (S)-carvone 78 or by their odor intensity, e.g. some diastereomeric wine lactones ( Figure  19 ). 79 
Conclusions
An overreliance in target-independent similarity indices has to be questioned, because of the dependence of "similarity" on the biological macromolecule to which the analogs bind. Sophisticated investigations on the "dissimilarity" of chemical databases are most often futile. Similar compounds may have very different actions and different molecules can be very similar in their biological activities. Considering the examples presented in this paper and the many more cases in literature, one has to admit that we are far from a deeper understanding of the details which underlie the observed structure-activity relationships. Applying the results from one series of analogs to another, one may arrive at completely wrong conclusions. Figure 19 . Because of the chiral nature of our sensoric receptors, the enantiomers of limonene and carvone differ in their typical odor. 78 For two diastereomers of the wine lactone, the odor threshold values (i.e. the lowest concentration in air that can be smelled by a person) differ by about 8 orders of magnitude. 79 
